This study presents a multicomponent photocatalytic system using simple impregnation-calcination of Cu 2 O particles followed by photodeposition of different amounts of Ag on TiO 2 nanoparticles (TCA(a) samples) with high photocatalytic efficiency for 2,4-dichlorophenol (2,4-DCP) degradation under visible light. The obtained samples were characterized through X-ray diffraction, field-emission scanning electron microscopy with energy dispersive X-ray spectroscopy, UV-Vis diffuse reflectance spectroscopy, N 2 physisorption, and transmission electron microscopy techniques. The synthesized samples exhibited a high visible-light photocatalytic activity for 2,4-DCP degradation (50%) compared with pure TiO 2 (28%), which is attributed to the synergetic effect of AgCl, Ag, and Cu 2 O on TiO 2 nanoparticles. Furthermore, a dual Z-scheme charge transfer pathway is proposed and discussed for photocatalytic reactions taking place over the prepared photocatalysts. The degradation reactions follow first-order kinetics. Finally, reusing the best photocatalyst (TCA(1.2) did not result in any decline in its catalyst activity for 2,4-DCP degradation under visible light after four cycles.
Introduction
Due to the environmental problems related to the treatment of dangerous wastes and polluted waters, rigorous attempts have been recently made to develop a visible light sensitive semiconductor-based photocatalyst that can demonstrate both efficiency and stability features [1] [2] [3] [4] [5] [6] . Up to now, titanium dioxide (TiO 2 ), as one of the important n-type semiconductors, has been the most extensively studied photocatalyst due to its unique properties, such as low cost, chemical stability, and environment-friendly characteristics [7] [8] [9] [10] . The major drawback of TiO 2 is its noticeable band gap energy, which is 3.2 eV for anatase [11] . Besides, to excite it in photocatalytic degradation reactions, it is required to apply UV radiation. In pure TiO 2 , once electron-hole pairs are photogenerated, they are recombined easily; leading to a low photocatalytic performance of TiO 2 [12] [13] [14] . Several approaches can be employed to improve the photocatalytic performance of TiO 2 under visible light radiation. Among them, coupling TiO 2 with CdS, CdSe, PbS, and WO 3 as narrow band gap semiconductors and producing heterojunctions is an efficient strategy to promote TiO 2 visible-light photocatalytic activity. Through this process, these semiconductors act as visible-light sensitizers to transfer the excited electrons to TiO 2 [15] [16] [17] [18] [19] [20] . Cu 2 O is a p-type semiconductor with a narrow band gap energy (2.2 eV) [13] and an important visiblelight-responsive photocatalyst due to its high visible-light absorption capability, ecofriendly characteristics, low cost, and easy preparation [21] [22] [23] [24] . Also, Cu 2 O is able to join with the n-type TiO 2 to generate a p-n heterojunction [25, 26] , which can extend TiO 2 absorption spectrum to the visible light region and restrain recombination of photogenerated hole-electron pairs. Cu 2 O/TiO 2 heterojunctions have shown a higher photocatalytic activity compared with pure TiO 2 as the outcome of efficient charge separation between Cu 2 O and TiO 2 [27] [28] [29] . In semiconductor heterojunction (SH) systems, the electrons and holes have weaker redox abilities and the lower redox ability of electrons and holes due to the shortcoming of the SH has negatively affected photocatalytic reactions [30] . Accordingly, development of photocatalytic systems, which involve fast electronhole separation and considerable redox ability, is still a challenge. In recent years, Z-scheme photocatalyst system has been employed as an effective strategy for increasing the photocatalytic efficiency due to its unique characteristics [31] [32] [33] [34] [35] [36] . In Z-scheme photocatalyst systems, the produced oxidative holes and reductive electrons are restricted to their corresponding valence band (VB) and conduction band (CB), respectively. It results in improvement of charge separation and enhanced redox potential of the photoproducing electrons and holes. However, the competition between typical and Z-scheme charge transfer processes in the SH system is a major problem [37, 38] . To solve the competition problem, an electron mediator can be used; however, to prompt the desirable specific carrier transfer the contact resistance of the mediator should be low [29, 34, 35, [38] [39] [40] [41] [42] . In Z-scheme photocatalyst systems, Au and Ag metals are doped to work as nanojunctions between the two semiconductors [43, 44] . Silver (Ag) has been used as an electron mediator in Z-scheme photocatalyst system because of its low contact resistance or excellent electron conductivity. Due to Ag surface plasmon resonance (SPR) property, its absorption spectra would cover visible light region and the inductively local electric field can accelerate the electron transfer between two semiconductors [45] .
In this study, dual Z-scheme p-Cu 2 O/Ag/n-TiO 2 photocatalytic system containing different quantities of silver was prepared. In the first step, p-Cu 2 O was loaded on TiO 2 nanoparticles by convenient impregnation-calcination of TiO 2 nanoparticles, and silver was deposited on the photocatalyst by adopting a photodeposition method. Structural and morphological properties of p-Cu 2 O/Ag/n-TiO 2 samples were investigated by X-ray diffraction (XRD), field-emission scanning electron microscopy with energy dispersive X-ray spectroscopy (FESEM/EDX), UV-Vis diffuse reflectance spectra (DRS), N 2 physisorption, and transmission electron microscopy (TEM) techniques. By employing the photocatalytic degradation of 2,4-dichlorophenol (2,4-DCP), as a model reaction, photoactivity performance of the synthesized nanocomposites was evaluated. Chlorophenols are toxic chemicals that are used in many industrial applications such as petrochemicals, pesticide, dye intermediates, and paint [46] . Especially, 2,4-DCP is an important chemical precursor for the manufacture of a widely used herbicide, 2,4-dichlorophenoxy acetic acid [47] . However, 2,4-DCP may cause some pathological symptoms and changes to human endocrine systems, after entering from the skin and gastrointestinal tract. Recently, concerns have been raised because of chlorophenols persistence and bioaccumulation both in animals and in humans [48] [49] [50] . Consequently, innovative and effective ways should be developed to minimize the harm of chlorophenols in the environment. To the best of our knowledge, this is the first report on the preparation of p-Cu 2 O/nTiO 2 systems possessing different amounts of silver. The outstanding properties associated with these samples suggested that they can be employed as a novel visible-light harvesting catalyst for given applications in photocatalysis. The p-Cu 2 O/ Ag/n-TiO 2 samples exhibited an improved efficiency for 2,4-DCP photocatalytic degradation under visible light. 106007) were applied to prepare the samples. All used reagents were of analytic grade and applied without additional purification. For the preparation of all aqueous solutions, double distilled water was used.
Experimental

Materials
TiO 2 nanoparticles synthesis
To prepare TiO 2 nanoparticles, first, 4 mL of TIP was mixed with 70 mL anhydrous ethanol followed by ultrasonication (ELMA-Germany, E60H, ultrasound bath) for 1 h to form solution A. Meanwhile, 3 mL of acetic acid was diluted to 90 mL deionized water to form solution B. Next, solution B was dropped into solution A at the speed of one drop per 3 s at 50°C with stirring. Subsequently, the mixture solution was stirred for 30 min, continuously. Finally, after cooling the solution to room temperature, the solid product was separated from the suspension, washed with deionized water and ethanol for several times, and then dried up in vacuum for 12 h at 60°C. The resulting powder was annealed at 300°C under N 2 atmosphere for 1 h to TiO 2 nanoparticles.
Preparation TiO 2 /Cu 2 O nanocomposite
To prepare TiO 2 /Cu 2 O nanocomposite [45] , 0.3 g of TiO 2 nanoparticles were immersed in a Cu(NO 3 ) 2 solution consisting of 4.5 mg Cu(NO 3 ) 2 .3H 2 O and 20 mL deionized water. The mixed solution was stirred at 80°C until the solvent was thoroughly evaporated. The resultant powder was calcined at 350°C for 4 h to yield Cu 2 O/TiO 2 nanocomposite; and the sample was labeled as TC.
Photodeposition Ag nanoparticles on TiO 2 /Cu 2 O nanocomposite
In this step [45] , 0.3 g of Cu 2 O/TiO 2 powder and different amounts of AgNO 3 (1.2, 2.4, and 4.8 mg) were added to 16 mL deionized water under magnetic stirring. Then, 4 mL of methanol was injected into the supernatant. The obtained solution was irradiated by a UV-Vis lamp for 2 h. After that, the precipitate was filtered and completely rinsed three times with deionized water and ethanol to remove the residual impurities. Then, these samples will be shown as TCA(a), where (a) represents the amount of AgNO 3 used during the synthesis of TCA samples.
Photodeposition Ag nanoparticles on TiO 2
In this step, 0.3 g of TiO 2 powder and 2.4 mg of AgNO 3 were added into 16 mL deionized water under magnetic stirring. Then, 4 mL methanol was injected into the above suspension, followed by the irradiation of a UV-Vis light lamp for 2 h. Next, the suspension was collected and thoroughly rinsed with deionized water and ethanol three times to remove the residual impurity. Then, this sample will be shown as TA.
Characterization
The XRD patterns were recorded by a Siemens D5000 instrument (Germany), while Cu K α radiation was employed as the X-ray source. The diffractograms were recorded within the 2θ range of 20°-80°. Morphology of the samples was identified by a scanning electron microscopy (VegallTescan Company, Czech Republic) equipped with an energy dispersive X-ray (EDX) detector. The DRS of the samples were recorded by an Ava Spec-2048TEC spectrometer. The microstructure and morphology of the prepared samples were investigated by a TEM (Philips CM30 300 kV). Physisorption of nitrogen was studied by a Quantachrome Autosorb-1-MP (Micromeritics) in order to measure Brunauer-EmmettTeller (BET) areas through static nitrogen physisorption from −196°C to 200°C until the pressure reached below 5 mbar.
Photocatalytic degradation of 2,4-DCP
2,4-DCP was selected as a model of organic pollutants to examine the efficiency of the obtained samples in photocatalytic processes. Two irradiation sources with illumination power in the UV and visible region was used. For UV region experiments, 400 W Kr lamp was used (Osram, Germany), with 90% illumination power in the UV-A region (400-315 nm) and about 10% in the UV-B region (315-280 nm). For visible light experiments, halogen was used, ECO OSRAM 500 W lamp (350-800 nm, with the most intense peak at 575 nm). In each photocatalytic degradation experiment, the beaker containing optimum amount of photocatalyst and 100 mL of 2,4-DCP aqueous solution (40 mg/L) was stirred first for 10 min under dark for desorption/adsorption equilibrium, followed by keeping it under light irradiation for 180 min. At certain times, 2 mL of the solution was taken and filtered to eliminate the photocatalyst and analyzed using Rayleigh UV-2601 UV/VIS spectrophotometer (λ max = 227 nm). The calibration curve at λ max = 227 nm in the concentration range (1-50 mg/L) of 2,4-DCP and calculated % removal of 2,4-DCP using equation:
where C i and C t (mg/L) are the initial concentration and the concentration of 2,4-DCP at time t, respectively.
Statistical analysis
All experiments were performed in duplicate and the mean values were presented. The data were analyzed by one-way analysis of variance using SPSS11.5 for Windows. The data were considered statistically different from control at P < 0.05.
Results and discussion
Crystallographic properties
XRD results of the synthesized samples are presented in Fig. 1 [51] . In the XRD pattern of TC sample ( Fig. 1(b) ), the weak reflection peak observed at approximately 36.5° was indexed to (111) Cu 2 O crystal planes (JCPDS file: 65-3288). Aside from the diffraction peaks of TiO 2 nanoparticles, no other peaks were observed on the surface of this sample ( Fig. 1(b) ). Also, no Cu (35.49° and 38.73° characteristic peaks) or CuO (43.29° and 50.43° characteristic peaks) phase is observed. Since Cu 2 O was fabricated on TiO 2 nanoparticles, it has no influence on the TiO 2 lattice. No other diffraction peaks of Cu 2 O can be observed, probably because of the low loading amount, the small size of its particles, and its good dispersion. Fig. 1(c) shows the XRD pattern of TA sample. The diffractions at 2θ of 32.2° and 46.2° are indexed to AgCl nanoparticles. The diffractions at about 2θ = 32.2°, 46.21°, 57.51°, and 67.4° can be related to AgCl phase (JCPDS no. 85-1355). Formation of AgCl can be attributed by using methanol as a solvent during the photodeposition of silver, the presence of Cl -impurity, and application of AgNO 3 . Four diffractions were reported at 2θ = 38.048°, 44.133°, 64.303°, and 77.326° for silver in the standard powder diffraction card of JCPDS, file no. 04-0783. Due to the low amount, small crystallite size, or high distribution of Ag particles, the main diffractions of metallic Ag in XRD pattern of the TA sample was not detected. The mean TiO 2 crystal size at 2θ = 25.3° using Scherrer's equation for each of samples was calculated [52] :
In this equation, D denotes sample mean crystal size, λ is the wavelength (1.54056 Å) of the X-ray source, β is diffraction full width at half maximum in radian, θ is the diffraction angle regarding the peak maximum, and K is a constant (0.89). The TiO 2 crystal size in all the obtained nanocomposites is in the range of nanosized ( Table 1 ).
The lattice parameters (a = b ≠ c) corresponding to tetragonal crystalline structure were obtained for (101) crystal plane of anatase phase using Eq. (3):
Considering the interplanar spacing (d hkl ), the distance between adjacent planes in the set (hkl) can be determined using the Bragg law:
The cell volume (tetragonal one) was calculated as:
where a and c are considered as lattice parameters. 
Diffuse reflectance spectroscopy
The obtained diffuse reflectance (DR) spectra of the samples over 200-800 nm are shown in Fig. 2(A) . There is a broad intense absorption peak at about 400 nm in the DR spectra of all the samples because of charge-transfer originating from VBs of the samples. This transfer is caused by the 2p orbitals of the oxide anions to the CB formed by 3d t 2g orbitals of the Ti 4+ cations [54] . In particular, the samples TA, TC, and TCA(a) exhibit an enhanced light absorption compared with the pure TiO 2 within the range of 400-800 nm. This observation indicates that loading Cu 2 O and Ag can improve visible-light absorption by the samples that promote TiO 2 photocatalytic activity. In the DR spectra of TA and TCA(a) samples, the absorption shoulder peak can be observed within the range between 360 and 500 nm. These absorption shoulders result from the postbroadening SPR peak [55] . Visible region of the spectra is associated with the localized SPR that would enable these samples to show broad and strong absorption [56, 57] . In addition, TCA(2.4) and TCA(4.8) samples exhibit a stronger light absorption compared with TCA(1.2) sample, due to the fact that they contain a higher Ag percentage and have darker color compared with TCA(1.2) ( Table 3 , EDX results). The band gap energy of the samples from the DR spectra was calculated for the synthesized samples according to Eq. (6) [58] :
where A is a constant, F(R) is the Kubelka-Munk function, and E g is the band gap. The E g data of the samples are presented in Table 2 . The TCA(a) samples band gap decreased compared with that of TiO 2 ( separation might be achieved more easily for Cu 2 O/TiO 2 and TCA(a) samples. The Kubelka-Munk curves for the synthesized samples are exhibited in Fig. 2(B) .
FESEM/EDX and TEM analyses
FESEM images with different magnifications in Figs. 3  and 4 reveal the microstructure and morphology of the prepared samples. In the FESEM image of TC sample, two morphologies related to Cu 2 O and TiO 2 presence in this sample were detected. Accordingly, the particle size of pure TiO 2 is around 9-20 nm. In the FESEM results of TA and TCA(a) samples, nanoparticles with the size in the range of around 155-375 nm was observed. These AgCl nanoparticles are formed during Ag photodeposition on TiO 2 surface and TC samples. The EDX results were applied to evaluate the prepared samples elemental composition (Fig. 5 and Table 3 ). The obtained EDX analysis data verify the existence of C, Ti, O, Cu, and Ag in the prepared samples. In the EDX spectra of TA and TCA(a) samples, the absorption peak at 3 keV corresponds to metallic silver in the prepared samples [59] . Elemental mapping (Fig. 6) shows that C, Ti, O, Cu, and Ag elements are dispersed uniformly in the testing area, suggesting the uniform distribution of Cu 2 O and Ag nanoparticles over the surface of TiO 2 . Fig. 7 shows the TEM image with different magnifications of the best photocatalyst in this work (TCA(1.20) nanocomposite). These images showed heterojunction of Cu 2 O and TiO 2 , in addition to Ag and AgCl nanoparticles, in this sample.
N 2 physisorption analysis
N 2 adsorption-desorption isotherm results are shown in Fig. 8 . The acquired sorption isotherms relating to the all prepared samples suggest the type IV isotherm according to IUPAC classification [60] . Textural and structural parameters of the obtained samples are shown in Table 4 . Specific surface areas and average pore diameter were calculated based on BET analysis, while pore volumes were determined from the desorption branch of Barrett-Joyner-Halenda model. BET surface area of TCA(a) samples is far greater than the starting material (TC sample), indicating the loading of Ag and AgCl nanoparticles on TC surface.
Photocatalytic activity evaluation
The photoactivity performance of the synthesized samples was investigated for 2,4-DCP degradation, as a model of organic pollutant, under visible and UV irradiation (Figs.  9 and 10) . Upon UV/visible irradiation, TCA(1.2) photocatalyst showed the highest performance among the TCA(a) samples and achieved about 60% and 50% degradations, respectively, after 180 min irradiation. Under UV irradiation, pure TiO 2 and other photocatalysts showed the higher photoactivity compared with their activity under the visible light as a result of higher photoenergy of UV irradiation than visible light. It can be clearly seen that the loading components (Ag and Cu 2 O in this work) have significant impact on TiO 2 photocatalytic activity under visible light. As compared with TiO 2 , both samples TA and TC exhibit remarkably improved photocatalytic activity, demonstrating that Ag and Cu 2 O can be used as cocatalysts to achieve promoted photocatalytic activity. Importantly, good activity for TCA(a) samples compared with TiO 2 under visible light was observed, as an outcome of Ag and Cu 2 O synergetic effect on TiO 2 photocatalytic activity. Also, the TCA(a) samples displayed a higher photocatalytic performance compared with TC sample. Here, we assume that the photo-induced charge transfer in TC obeys the typical charge transfer mechanism of SHs. When Cu 2 O and TiO 2 are excited, CB electrons of Cu 2 O will transfer to TiO 2 CB, and meanwhile, TiO 2 VB holes will transfer to Cu 2 O VB. Consequently, the hole density in TiO 2 VB is declined while it is enhanced in Cu 2 • generation by the sample TC is low. Based on this results, a probable photocatalytic mechanism of the TCA(a) samples is proposed in Fig. 11 . Under UV-Vis irradiation, both Cu 2 O and TiO 2 are photoexcited to give electrons and holes. Since Fermi level equilibration would establish at the interfaces located between TiO 2 , Ag, and Cu 2 O particles, before light irradiation, and electrons on TiO 2 CB will migrate to Ag after light irradiation. Furthermore, intense SPR of Ag nanoparticles would contribute to the enhanced local electric field around the interfaces, which can advance Ag electrons to inject into Cu 2 O VB and recombine with holes or into Cu 2 O CB via direct electron transfer or plasmon-induced resonant energy transfer [61] . It is noteworthy that this kind of charge transfer retains the photogenerated holes on the more positive TiO 2 VB and electrons on the more negative Cu 2 O CB, which not only improves separation of electron-hole pairs dramatically but more importantly can preserve their high redox ability [38, 62] . Since such charge transfer mechanism is similar to Z-scheme mechanism in a double "Z" shape, and hereby tentatively call it as "dual Z-scheme charge transfer." In this photocatalyst system, the left holes in TiO 2 can transfer to the AgCl surface due to the negative surface charge [58] , which could cause the oxidation of Cl − ions to Cl 0 atoms [63] [64] [65] [66] [67] . Due to high oxidation potency of the chlorine atoms, the 2,4-DCP could be oxidized by the chlorine atoms and hence the Cl 0 could be reduced to chloride ions again. Also, the holes could react with H 2 O to form hydroxyl radicals. Both hydroxyl radicals and chlorine atoms were highly reactive species for effective degradation of 2,4-DCP (Fig. 11) .
Kinetic study
The kinetic parameters for the elimination of 2,4-DCP are shown in Fig. 12 and Table 5 . The obtained results show that the reaction is first-order, which means that its kinetics can be expressed as ln(C 0 /C) = k obs t. In this equation, k obs (min
) is the apparent rate constant, C 0 and C are 2,4-DCP initial concentration and concentration at reaction time t, respectively. The initial rate of reaction by production of k obs in initial concentration of 2,4-DCP was calculated ( Table 5 ). The initial rate of reaction in 2,4-DCP photocatalytic degradation is faster for higher 2,4-DCP initial concentrations. These results may be explained by the short lifetime of active species formed during the reaction. The active oxygen species such as OH • and O 2
•-are formed on TCA(1.2) surface, which could not diffuse away and would interact with 2,4-DCP molecules at the photocatalyst surface.
Recyclability of TCA(1.2) photocatalyst
The recyclability of photocatalyst is important characteristics for developing heterogeneous photocatalysis process for wastewater treatment since it could contribute significantly to reduce the operational cost. The recyclability of the TCA(1.2) nanocomposite was examined by applying the same 2,4-DCP photocatalytic degradation in four repeated cycles. Photocatalytic efficiency remains unchanged during the first four cycles (Fig. 13) . These results represent TCA(1.2) as a recyclable and promising photocatalyst for practical application.
Conclusion
In summary, a multicomponent photocatalytic system containing TiO 2 , Cu 2 O, and different amounts of silver by a facile impregnation-calcination route combined with a photodeposition strategy was prepared. The obtained photocatalysts were characterized by different techniques such as XRD, DRS, N 2 physisorption, TEM, and FESEM/EDX. The prepared samples exhibited visible light photocatalytic activity for 2,4-DCP degradation as a consequence of Cu 2 O and Ag synergetic effect. The introduction of Cu 2 O and silver resulted in the improved visible-light absorption ability. Moreover, the SPR-induced local electric field would provide dual Z-scheme charge transfer in the composite, which enables both high separation efficiency and high redox potential of the generated electrons and holes. The present study demonstrated that the SPR effect of Ag can adjust the flow of the photogenerated electron-hole pairs and provide a deeper insight into the design of highly efficient photocatalysts for organic pollutant degradation. The degradation reactions follow first-order kinetics. Reuse of the best photocatalyst (TCA(1.2)) did not show any reduction in catalyst activity for 2,4-DCP degradation under visible light after four reaction cycles. 
